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ABSTRACT 


The  technique  of  supersonic  molecular  jet  laser  spectroscopy 
was  used  to  determine  the  stable  conformations  of  a  series  of 
alkylbenzenes.  This  study  demonstrates,  for  the  first  time,  the 
sensitivity  of  molecular  jet  spectroscopy  in  determining  both  the 
number  of  stable  conformations  as  well  as  the  geometry  of  various 
ethyl,  propyl,  and  butyl  substituents  relative  to  the  aromatic  ring. 
Different  rotamers  with  low  barriers  to  interconversion,  >5  kcal/mol. 
can  be  isolated  in  the  supersonic  Jet  expansion.  Each  observed 
conformation  exhibits  its  own  spectroscopic  origin  (Si  So 
transition)  in  a  two-color  time-of-flight  mass  spectrum  (TOFMS).  The 
number  of  stable  conformations  is  then  used  to  determine  the 
minimum  energy  geometries  of  the  substituent  group.  Previous 
identification  of  individual  molecular  conformations  for  such  low 
barriers  to  interconversion  has  not  been  attainable  with  conventional 
techniques  such  as  variable-temperature  NMR. 
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A  Study  of  Nonrigid  Aromatic  Molecules.  Observation  and 
Spectroscopic  Analysis  of  the  Stable  Conformations  of  Various 
Alkylbenzenes  by  Supersonic  Molecular  Jet  Laser  Spectroscopy 

Jeffrey  I.  Seeman.*  *■  Hanry  V.  Secor.**  P.  J.  V.  H.  Grassian.*^  and 

E.  R.  Bernstein* 

Conirtbunon  from  the  Philip  Morns  Research  Center.  PO  Box  2658S.  Richmond,  yirpnta 
1^3261 .  and  the  Department  of  Chemistry.  Colorado  State  L'nicersitv.  Fort  Collins.  Colorado 
'<()533  Rescu  ed  -ipnl  36.  1988 

Abstract:  The  technique  of  Nuoersomc  molecular  lei  laser  spectroscopy  vtn  used  to  determine  the  stable  conformations  of 
a  series  of  alkylbenzenes.  This  ^Iudv  demonstrates  for  the  ftrsi  t:me.  the  sensitivity  cf  mclecutar  jet  &pec:;u>wp>  •!.  uctct  mining 
Doth  the  numoer  ot  stable  coniormations  as  well  as  the  geometry  of  various  ethyl,  propyl,  and  butyl  substituents  relative  to 
the  aromatic  ring  Different  rotamer%  wun  low  barriers  to  interconversion.  <5  kcal/mol.  can  be  isolated  m  the  supersonic 
jet  expansion.  Each  observed  contormation  exhibits  its  own  spectroscopic  origin  (S|  *—  iransiiioni  in  a  two-coior  timt'orflight 
mass  spectrum  (TOFMSl  The  numoer  ot  siapie  conformations  is  then  used  to  determine  the  minimum  energy  geometries 
of  the  substituent  group  Previous  lOentincauon  of  individual  molecular  conformations  for  such  low  Darners  to  mterconversion 
has  not  been  attainable  wim  convennonai  iccnmques  suen  as  variabie>iemperature  SMR 


Molecular  conformation  and  us  relationship  to  the  chemical 
and  physical  properties  of  organic  moiecuies  have  proven  to  be 
vfcorihy  of  the  intense  effort  expended  since  :hc  pioneering  work 
of  D  H  R.  Barton  in  the  carls  s  •  Nonetheless,  the  ex¬ 
perimental  determination  of  the  conformational  preferences  of 
many  fundamentally  imporunt  substituents  is  >uil  tacking  ^  This 
sold  IS  panicularly  prominent  for  substituents  «hich  have  free 
energy  barriers  to  conformational  mterconversion  of  less  than  ca. 
?  kcai  mol*'  (1750  cm*' ).  outside  the  range  of  vanable*tempcraiufc 
NMR  spectroscopy  In  cases  for  which  the  individual  confor¬ 
mations  have  not  bMn  *frozen  out'  and  ideniit'ied  using  the  NMR 
lecnnidue.  theoretical  calculations  have  been  of  consideraole  value 
in  lacilitaung  conformational  anaUsis  and  geometry  assignments/* 

Recently,  we  communicated  the  results  of  our  initial  studies 
using  supersonic  molecular  jet  laser  speciroscopv  as  a  novel  tool 
for  conformational  analysis.^*'  This  technique  has  allowed  us 
to  assign  unequivocally  the  minimum  energy  geometries  of  aro¬ 
matic  ethyl  and  propyl  substituents  '  and  to  determine  the  ex¬ 
perimental  values  for  tonional  potential  barriers  m  Sq  and  S-  for 
aromatic  methyl  groups.^  The  jet  spectroscopic  technique  allows 
the  probing  of  both  ground-state  and  electronically  excited-state 
f  aiures  of  jet-cooled  molecules 

The  expansion  process  results  m  gas-phase  molecules  at  near 
absolute  zero  temperature.^  Hence,  ground-state  energy  minima 
can  be  isolated  and  studied,  even  when  very  low  barriers  to  in- 
terconversion  are  present.  Each  stable  contormation  corresponding 
to  a  potential  energy  minimum  generates  at  leasi  m  principle. 
Its  own  spectroscopic  Oq  transition,  and  conversclv.  each  Oq  tran¬ 
sition  is  associated  with  a  specific  stable  ground-vtaie  conformation 
By  examining  the  spectra  of  specificallv  -.ubsinuied  alkylbenzenes. 
one  can  'count*  the  number  of  stable  ground-state  conformations 
Molecular  geometry  and  conformation  can  be  assigned  from  a 
knowledge  of  the  number  of  ground-state  energy  minima  a 
molecule  possesses. 

Alkylbenzenes  can  be  divided  into  three  categories  with  regard 
to  substitution  patterns;  the  aromatic  ring  can  be  bonded  to  a 
primary,  secondary,  or  tertiary  alkyl  carbon  atom  icf  Table  I  for 
the  substituents  examined  herein )  I  n  this  work,  wc  arc  primarily 
interested  in  two  conformational  features  first,  the  orientation 
of  the  aromatic  ring  relative  to  the  alkyl  side  chain,  described  by 
the  torsion  angle  r,  (cf.  Figure  I )  (this  is  equivalent  to  defining 
the  position  of  relative  to  the  plane  of  the  benzene  ring);  and. 
second,  the  orientation  of  C,  relative  to  C  ^  tihis  is  described 
by  the  torsion  angle  t.)  Examination  of  molecular  models  and 
simple  symmetry  arguments  indicate  three  conformational  types 
for  r,.  as  indicated  m  Figure  i  planar,  for  which  a  C,-C<  bond 
IS  in  the  plane  of  the  aromatic  ring,  perpendicular,  for  which  a 
C^~Cg  bond  IS  perpendicular  to  the  plane  of  the  aromatic  ring; 
and  gauche,  for  which  0*  <  r|(Ca„stt-C,p„-C,-Ctf)  <  90* 

In  this  report,  the  two-color  iimc-of-nighi  mass  spectra 
(TOFMSl'®*  and  dispersed  emission  iDEl  spectra  of  several 
alkyl-subsiituted  benzenes  icf  Table  h  arc  presented  and  analyzed 
in  terms  of  the  individual  ground-state  conformations  of  these 
nonrigid  molecules  * In  particular.  «e  consider  the  following 
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issues,  (al  Will  supersonic  molecular  let  SDcciroscopv  allow  the 
obser^'alIon  of  different  conformations  of  more  complex  alkyl- 
benzenes  within  the  propyl  and  but>l  senes  ’  i  bi  Do  complex  alkyl 
substituents  of  the  type  .ArCHjR  iR  *  4lkyl>  have  r  »  90® 
I  perpendicular  conformation.  Figure  IT  ( c  i  Can  minimum  energy 
conformations  of  .ArCHR'R^  and  ArCR‘R*R^  be  observed"'  (d) 
In  addition  to  observing  different  conformations,  will  this  technique 
provide  an  experimental  determination  of  their  geometries' 

Results  and  Discussion 


A.  Results  of  Previous  Jet  Studies.  The  barrier  to  internal 
rotation  of  the  methyl  group  in  toluene  is  extremeiy  small  due. 
in  pan.  to  the  barrier’s  sixfold  svmmetrv  Hence,  assignment  of 
a  stable  conformational  form  for  this  molecule  is  not  meaning¬ 
ful.*  Our  observation  of  two  Oo  transitions  in  the  TOFMS 
for  both  1.3’diethylbenzene and  l.4-<iietnvlbenzene  icorresponding 
to  the  syn  and  anti  conformations!  and  a  Mngie  OX  transition  for 
ethylbenzene  establishes  that  the  perpenoicuiar  conformation  la 
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of  the  aromatic  ethyl  group  in  these  comoounos  is  present  m  the 
global  energy  minimum.* 

For  propylbcnzcne.  supersonic  moiccuiar  let  soeciroscopv  has 
shown  that  the  propyl  moiety  exists  tn  ivko  stable,  observable 
conformations  with  respect  to  the  aromatic  ring  an  anti  2  and 

.AGIO  jA2Bl6b  .003. 29-30) 

a  gauche  3  conformation.'  Importanilv.  these  results  are  consistent 
only  with  a  perpendicular  orientation  of  the  first  torsion  for  both 
of  these  conformations,  i.e..  ritConho-C.p^-C^-C,)  ■  90®  as  il¬ 
lustrated  by  lb  for  both  2  and  3  |  Beneath  the  structures  2  and 
3  are  the  relative  values  of  the  MOMM-caiculated'*  stenc  energies 
iSE)  for  these  rotamers.  The  SE  values  arc  indiciive  of  the  relative 
subiliiies  of  these  conformations  Relative  S£s  are  shown  below 
the  structures  for  some  of  the  other  conformations  discussed  in 
this  paper.] 

B.  Compouods  Coataiuiug  an  Arvt  (o  a  Primarv  Alkvl  Bond 
(ArCHjR).  To  probe  (he  extent  of  the  applicability  of  this  su¬ 
personic  jet  technique  for  the  structure  determination  of  more 
complex  molecules,  we  first  studied  a  senes  of  compounds  con¬ 
taining  the  Ar-CHjR  substructure  I  ’Ethyl-a-propylbenzene  (4) 

-AGIO  JA2BI6C  1012.  3-  4) 

IS  an  interesting  combination  of  a  molecule  containing  both  the 
ethyl  and  propyl  substituent  Extrapolating  from  the  results 
obtained  for  the  ethylbenzenes  and  propv  I  benzenes  cited  above. 

I -eihyl-4-propylbenzene  would  have,  m  principle,  four  origins:  a 
syn-anii  5a.  a  syn-gauche  5b.  and  the  corresponding  anti-anti 
6a  and  anti-gauche  6b  Uhe  first  descriptor  specifying  the  relative 
disposition  of  the  two  substituents  with  respect  to  each  other,  the 
second  descriptor  specifying  the  conformation  of  the  propyl 
substituent  relative  to  (he  aromatic  ringi  As  shown  in  Figure 
2.  four  origin  transitions  are  observed  m  the  TOFMS  of  4.  one 
each  for  the  four  energy  minima  lat  37  369  I.  37  372.7  and 
37 496.7.  37 497.3  cm"').  Given  the  above  structural  logic  and 
the  TOFMS  of  the  ethyl-  and  propylbenzenes.  the  third  doublet 
at  ca.  37  548  cm'*  then  must  be  assigned  as  a  torsional  motion 
of  the  propyl  substituent  group  in  accord  with  previous  work.^ 

The  TOFMS  for  the  Oq  region  of  the  S,  •-  S^  transition  m 
isobuiylbenzcne  (7)  is  presented  in  Figure  3  The  spectrum 

AGIO  JA2Bl6d  (003. 21-2:) 

dispUys  a  single  intense  origin  ai  3' 517  8  cm  '  Two  weak 
features,  assigned  as  isobutyl  torsions,  occur  at  37  551  4  and 
37  559  6  cm''  Comparison  of  this  spectrum  to  that  of  propyl- 
benzene''^  IS  of  value  since  the  TOFMS  of  propylbenzene  clearly 
displays  two  ongina.  corresponding  to  conformations  Z  laniil  and 
3  (gauchel.  Addition  of  a  methyl  group  to  the  d  position  of  the 
propyl  chain  results  in  an  isobutyl  group  The  two  possible 
conformations  for  isobutylbenzene.  analogous  to  Z  and  3.  are  8a 
and  9a 

Which  of  the  two  conformations  8i  or  9a  corresponds  to  the 
minimum  energy  conformation  oi  isobutylbenzene  can  be  de 


FIG 


FIG 


FNT  !3.;4 


:  1018.  6-  'I 


3  l003.lb-l'i 


Copy  available  to  OTIC  d 

iully  legible  lepioaaciioa 


LMTNO  320 

Gdl  3  Ja:B16M  JA881045M 


SEsr  6 
S6SJ0  1 


lermmed  cxpcnmcntail>  from  exjmmjuon  oi  ihe  TOFVIS  of 
I  -isobuivl-^-methsi&cnzCf.c  t  !0l  Bcc:iL!^.e  of  \ht  o^vnmctr5Ca!lv 
'iuDsi.Juied  aromaiic  nn^i.  the  TOFMS  for  |U  sfcoutd  conuin  iv^o 
origins  if  Sd  and  were  the  minimum  energs  conformations, 
conformation  (»9e)  would  show  onis  a  single  origin  The 
spectrum  displayed  in  Figure  4  evidences  two  origins,  at  36^65  1 
and  37  023.0  cm''  ( wuh  )e  •—  le  ring  met  he  I  torsions  occurring 

3  cm*'  to  lower  energy  of  each  origin®  )  so  that  M  and  8c  must 
be  the  minimum  energy  conformers  This  conclusion  is  supported 
be  our  MOMM  calculations,  in  whicn  Ha  found  to  be  more 
stable  than  9a  by  ca.  0.7  kcai  mol  ludged  by  steric  energies. 
Statistical  weights  also  favor  8a  oeer  9a  These  results  reflect 
the  greater  stability  of  anti  coniorn<jnons  reuiivc  lo  gauche 
conformations  in  isobuiyibcnzenee.  a  '■cuiionsnip  also  observed 
and  calculated  for  the  cases  of  propMbcn?ene  and  related  mole¬ 
cules  Just  as  in  the  cases  of  prune iocn^cnc  ano  3-metnel-l- 
prope (benzene,  the  number  of  contormjuonN  oo^c^vca  for  iso- 
Ouiylbcnzene  and  3-mcih\lisobuie  bcnrcnc  .n'o  dictate  that  ?■.- 
I  »  90*  for  the  t^ioute;  Nubstitucnt  ' 

The  TOpVfS  of  I  -isobuty  l-2-mc-'.’:e  fpco/cnc  '  1 1 1  » f  igurc  5 1 
contains  two  origins  at  37 036  0  anu  ^  ^m  These  ore- 

^umabl>  correspond  to  8b  and  8c  \'  conformation  9  is  not  a 
■xgniiicanily  populated  energy  minimum  'or  cither  icooutvibenzene 

i -isobutyl-i-methylbcnzenc.  tnc  oo^cr\allun  oi  two  origins  for 
•ii>oOuivl-2*mcthy'ben2ene  li  funner  ^uppo^t  lor  coniormations 
8b  and  8c  for  these  <sobuiyiben/encs 

The  TOF  MS  of  neopentylben/enc  f  12)  x  -.hown  m  Figure  6 
agio  JA2BI6C  ((Xl3.!J-i:) 

\  single  origin  is  observed  at  3*  533  6  cm  The  observation  of 
a  single  origin  is  consistent  with  ihc  findings  for  propylbenzene 
and  the  isobutylbenzenes  discussed  above  \s  m  the  case  for  other 
compounds  containing  an  arsi  to  j  primars  alkyl  bond,  r  • 
^or  ncopcnivibcnzenc  Ns  illustrated 
in  12a.  only  a  single  staggered  coniormation  is  possible  about  r.. 
These  results  arc  confirmed  b\  MOMM  calculations  which  in¬ 
dicate  that  the  minimum  energy  contormaiion  of  12  has  a  stag¬ 
gered  arrangement  about  the  C.-C,  bond  if:i  and  has  r,- 
-  ca,  9U® 

The  TOFMS  for  the  OS  region  of  ihc  b  transition  of 

buiylbcnzcnc  1 13)  is  presented  in  F-aurc  '  The  spectrum  contains 

agio  JA2Bi6f  (003. ^ 

one  intense  origin,  at  37  581  8  cm  with  what  appears  to  be  a 
weaker  origin  to  lower  energy,  at  3 ■*  5*8  0  cm  This  latter  peak 
IS  unlikely  to  be  due  to  a  methvi  rotor  tranMiion  lor  a  methvi  group 
xo  far  removed  from  the  chromophorc  ‘  ^  \  variety  of  confor¬ 
mations.  built  on  the  anti  and  gjuchc  coniormations  of  propvi- 
benzene,  can  be  imagined  for  ouivlben/enc  if  the  intense  origin 
feature  at  37  581.8  cm''  is  indeed  due  to  a  single  molecular 
conformation.  Ji  is  most  likelv  jx>ocijted  with  the  extended 
conformation  I4ai  (Table  II  >.  involving  the  staggered,  aii-ami 
form  of  the  butyl  group.  This  coniormer  involves  the  least  amount 
of  sicnc  interference,  according  to  our  MOMM  calculations  * 
The  assignment  is  consistent  with  our  previous  observations  that 
the  anti  conformer  is  energeticallv  favored  over  the  gauche  The 
less  intense  origin  at  37  578.0  cm  is  onjv  3  8  cm''  lower  m  energy 
than  the  origin  for  I4ta-  in  propylbenzene.  the  gauche  and  anti 
conformer  origins  arc  separated  bv  49  :  cm  ■  *  *  This  range  of 
separation  would  also  be  expected  between  origins  belonging  to 
conformations  of  butylbenzene  based  on  the  gauche  and  anti 
conformations  of  propylbenzene  The  observed  separation  of  3  8 
cm''  in  Figure  b  implies  that  ihc  second  origin  lat  37  57g.o  cm''l 
IS  probably  due  to  a  conformation  such  as  Mag  The  terminal 
methvi  group  of  the  butyl  chain  is  far  enough  from  the  r-system 
of  the  ring  so  that  the  effect  of  its  orientation  on  the  energy  of 
the  transition  should  be  relatively  small,  which  is  an  ex¬ 
pectation  consistent  with  the  observed  spacing  of  3  8  cm  ' 

We  cannot  at  present  account  for  the  failure  to  observe  ad¬ 
ditional  0?  transitions  corresponding  lo  the  two  other  conformations 
of  butylbenzene  (gauche/gauche  14ff  and  gauche/amt  14f«) 
expected  based  on  simple  conformational  analysis  concepts  or  on 
our  MOMM  calculations  (Table  11)  Conformational  preferences 
for  various  alkylbenzenes.  including  butylbenzene.  have  recently 
been  examined  using  CAMSEQ.  MM2,  and  molecular  dynamics 
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rr.eihods.  viiih  oariicuiar  aiienuon  ocine  pulcc  cr  -loiocO" 
wonjormations-**  The  thcorciical  aoprojcncs  ao  nui  icad 

\o  ihc  same  siabiliis  ordering  of  the  '.anuui  oosNioie  contorma- 
•.lons.'^  and  more  dctaiicd  exoenmeniai  ^tuOle^  jre  muicaicd 

Previous  papers  from  our  iaboraior\  have  addressed  the  dos- 
Nibihts  that  local,  but  not  global,  stable  moiecutar  conformations 
in  nonngid  molecules  or  in  van  dcr  Waais  clusters  can  be  ac* 
populated  through  collisions  m  the  molecular  lei  expansion  In 
molecules  or  clusters  for  which  shallow  wcils  and  small  barriers 
to  conformational  changes  exist,  energetic  coiliMons  mav  deoop* 
uiaie  local  minima  in  the  potential  suriacc  >n  favor  of  the  deeper, 
global  ones.  Thus,  in  cenam  “sienca!l>  hindcrea"  compounds  ic.g  . 
I-prop>lioluenc."  1 .2-diein>i benzene.”  nd  :  .2-dimcihoxv- 
benzene  '’®).  not  all  of  the  conceivable  iov.aiiv  xijbtc  orientations 
.>!  ihe  nonngid  moieiv  are  ci^uallv  populated  This  uneouai 
oistnouiion  of  conformers  in  the  final  cxnan>tun  couuibnum  results 
n  either  urtoquai  coniormcr  sDcciroscoriv  nicnMiicv  or  m  extreme 
cases,  the  failure  to  observe  specific  n  f.jnvaor.N  (  urthcr  e\  - 
dence  10  suosianiiate  ihc  existence  mis  "KmciK  cttcct*  in 
nrcsenicd  bciow 

.  •B'jrv!-3-meiiislbcnzcnc  1 15)  was  cxjin.ned  vs  nn  tne  none  (hat 
aNvmmcinc  subsiiiuiion  would  contirm  me  anii  jnti  voniorma* 
.lonai  assignment  of  the  parent  bu(vfben/er>c  'Pcctrum  Lnfor- 
•.anaiciv.  no  lOn  signals  couid  be  oO'cr-.  eu  A  e  aiinbuic  this 
mamg  to  enhanced  modes  of  nonraJui  ve  occjv  i.'om  b  of  15. 
mcrcov  rendering  the  TOFMS  cxpcnmcni  umcnjoic  m  ihi>  casc. 

r.  Compounds  Containing  an  An  I  to  a  'Necondarv  Alkvl  Bond 
1  ArCHR'R*).  Isopropylbenzene  1 161  i'  ihe  proiotvpc  01  moiecuics 

^GID  JA;BI6g '0(W  J- 41 

containing  an  ar>l-secondarv  alkvi  bond  Because  the  internal 
■oijtion  oarrier  about  tne  C,9--C.p.^  bond  oi  i-opropylten^ene 
•s  less  than  5  kcai  moi*'.  *  NVIR  niuOio«  have  been  unable  to  isolate 
j.na  identify  specific  isopropvi  comormationN  lor  NiencalK  un* 
nindered  moiecuics  • 

Figure  8  contains  the  TOFMb  o\  me  tv;  region  for  the  S-  — 

transition  of  isopropylbenzene  The  Npcctrum  eunsisu  of  a  single 
intense  origin  at  37^68  5  cm  anu  a  rnuen  v*<4ker  feature  at 
3"  ^  10  0  cm*',  the  latter  attributed  to  lorsionai  motion  of  the 
isopropyl  group. (Table  III  ilJustraies  the  ihree  possible  con- 
lormations  17-19  of  isopropyibcn/enc  i  I6i  The  presence  of  a 
single  origin  indicates  that  onK  one  coniormaiion  of  isopropyl¬ 
benzene  IS  an  energy  minimum  Determination  of  which  this  is 
may.  in  principle,  be  made  based  on  me  number  of  Oq  transitions 
in  the  TOFMS  ot  appropriaicis  'ubNiitutcd  iNODropylbcnzcnc 
derivatives  The  simplest  dcriyaitvcN  arc  1  •i'ODroDyl-3-mcthyl- 
benzene  i20.  Table  III )  and  I  -ethvi-  '-isonropv ibcnzcnc  1 21.  Table 
111) 

The  TOFMS  for  l-isopropyt'-'-mein\ibcn/cnc  1  20).  presented 
in  Figure  9.  contains  two  origins  me  douOict  at  ca  3“  165  cm  ' 
and  a  less  intense  feature  at  }'  1  'n  0  ^fTi  Meta-substituted 
toluenes  have  been  obseryed  m  me  past’  ■'  to  display  a  doublet 
feature  with  a  spacing  of  2-4  cm  lor  me  Un  transition  shown  to 
be  due  to  methyl  rotor  transitions  The  feature  at  37  1  5^  0  cm'* 
IS  neither  a  hot  band  nor  a  methyl  rotor  internal  transition,  its 
relative  intensity  is  independent  01  eooimg  conditions  and  its  energy 
IS  too  low  for  the  appropriate  methyl  rotor  energetics  The  weak 
doublet  feature  centered  at  3“  1 9 1  8  cm  is  taken  to  be  due  to 
torsional  motion  of  the  isopropyl  group,  as  i>  suggested  for  iso¬ 
propylbenzene.  but  also  with  the  ic  —  ic  nng  methyl  ro'iiional 
transition  built  on  it.  The  presence  oi  iwo  origins  in  the  TOFMS 
of  1  •isopropyl-3-meihyibenzcnc  eliminates  18  (which  should 
generate  only  one  origin  1  as  an  energy  minimum  of  the  isopropvi 
substituent  but  does  not  distinguisn  between  17  and  19  (Table 
III) 

Expenmenial  determination  of  the  minimum  energy  orientation 
of  the  aromatic  isopropyl  group  comc>  from  consideration  of  the 
TOFMS  of  l*ethvi-3-i50propyibcnzcne  t21)  The  substitution  of 
an  ethyl  groupie  -  jemation  !•)  at  the  metal  ring  position  relative 
to  the  isopropyl  d  jp  generates  many  different  possible  molecular 
conformers  (Tabic  111)  Conformation  18  has  already  been 
eliminated  as  a  possible  energy  minimum  Isopropyl  orientation 
17  gives  rise  to  only  two  distinct  1  •cihvl-3-isopropylbenzene 
conformers.  but  all  other  isopropyl  orientations  «e  g  .  19)  generate 
four  conformers  The  spectrum  of  1  •cihyi-3-isopropylbenzcne  is 
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presented  in  Figure  iO  The  spectrum  dibpU'.s  onl\  tv^o  intense 
origins  at  3“’  126  t  and  }“’  264.8  cm'  .  and  thus  17  must  be  the 
minimum  energs  conformation  of  the  isopropsi  group  *iin  respect 
to  the  ring.  Subsmuiion  of  the  eih>(  group  in  the  meia  position 
then  yields  conformers  22  and  23.  This  conclusion  agrees  w»ih 
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our  MOMM  calculations  and  with  the  other  literature  daia^^* 
•Ahich  likewise  predict  17  to  be  the  siaoic  conformation  (or  iso¬ 
propylbenzene. 

We  next  examine  the  senes  of  three  compounds  24-26  which 
ACID  JA2Bi6i  (003.10-11) 


15  mieresiing  because  it  embodies  the  panui  5UD5tructures  of  both 
(he  isopropyl  and  propyl  substitueni5 

The  TOFMS  of  aec-buiylbcnzene  '  24i  m  tne  u',;  region  of  the 
S  So  transition  is  presented  m  Figure  1 1  ana  contains  a  smgic 
origin  at  3"627  1  cm"'  The  weaker  icaiure  occurring  at  3"66l  3 
cm"'  IS  presumably  due  to  torsional  motio**  a!  aikyl  group  as 
discussed  earlier  Only  a  single  conformation  for  ler-butvlbcnzenc 
;5  ooserved  As  a  First  approximation.  *  'Cor, no 
'hould  equal  0®  for  sec-buiyiDenzcnc  i24i  45  lound  for  iso¬ 
propylbenzene.'^*  The  Newman  prorcciions  of  the  tnr^  staggered 
-onformations  are  illustrated  by  27-29  The  most  stable  con- 

AGID  JA2B16j  (015.13-14) 

formalion  of  jff-butylbenzere  is  29  b>  MOMM  calculations, 
near  >  1  kcal  mol’'  more  stable  than  27  and  J  kcai  mol"  more 
stable  than  28  We  therefore  suggest  that  the  minimum  energy 
conformation  of  lec-butvlbenzene  observed  in  ihe  lei  corresponds 
10  29 

The  TOFMS  of  l-sfc.butyl.l-meihslbenzene  i30l  contains  only 
agio  JA’Blbk  i003.  b-  'I  fA 


a  single  origin  (Figure  12).  MOMM  calculations  support  the 
observation  of  only  a  single  conformati<  n  and  that  the  preferred 
conformation  is  31. 

1 1 .2*Dimethylpropyl)benzene  i2S)  can.  in  principle,  exist  in 
Of  c  or  more  of  three  staggered  conlormaiions  32-34.  MOM.Vf 

AGIO  JA2BI6I  (003. Ib-n 

calculations  indicate  that  conformation  32.  possessing  only  two 
gauche-gauche  interactions,  is  the  ground-5ta(e  energy  minimum. 
The  TOFMS  of  25  indicates  two  origins  ai  3**  556  6  cm'  and 
3"  585-9  cm*’.  The  origin  to  the  red  (low  energy  \  is  approximately 
lO'T  the  intensity  of  the  second  origin  We  tentatively  assign  the 
3"  556  6-cm*'  origin  as  33  and  (he  j"  585  9-cm  origin  as  32  based 
on  the  relative  intensities  of  the  two  origins  and  the  calculated 
relative  stabilities. 


( 1 .2.2-Trimcthylpropyl)benzcne  1 26)  has  only  one  staggered 
conformation,  namely.  35.  and  its  TOFMS  shows  a  single  origin 


.ACID  JA2Bl6m  (003.10-1!) 
at  3"  585  8  cm*' 


D.  Compom&t  ConMimng  an  Aryl  lo  a  Tertiary  Alkyl  Bond 

(  ArCR'R^R*).  The  one-color  TOFMS  of  the  Oo  region  of  the  S, 
—  So  transition  for  ;et  cooled  //rz-buiylbcnzcne  (36)  is  presented 

AGIO  JA2Bl6n  (009.19-20) 

in  Figure  13  The  specirum  displays  a  single  intense  origin  at 
}~  69b  2  cm",  which  means  that  only  one  of  ihe  three  postulated 
conformations  (planar  27.  perpendicular  38.  gauche  39:  cf  Table 
IV|  IS  an  energy  minimum,  and  therefore  only  one  of  these  species 
IS  present  in  the  molecular  jei  This  is  an  imporiani  conclusion 
because  it  implies  that  the  only  way  that  one  origin  can  appeal 
m  the  TOFMS  of  l-rerr-buiyl-a-eihylbenzene  |40)  as  if  the 
minimum  energy  conformation  of  ihe  leri-butyl  grour  ;orresponds 
10  the  planar  conformation  giving  rise  lo  conformuiion  41 
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The  TOFMS  for  40,  prescmeO  m  Fieure  i  4.  in  laa.  comains 
only  one  origin  al  37  142.0  cm’‘  We  ihcrelore  conclude  ihai  the 
stable  coniormaiion  for  l-teri-butyl-a-ethvlbenaene  must  corre¬ 
spond  to  41.  This  in  turn  confirms  that  the  minimum  energy 
conformation  of  the  tert-buiyl  group  in  len-buiylbenzenes  must 
be  the  planar  form  and  reconfirms  the  perpendicular  conformation 
of  the  aromatic  ethyl  substituent;  these  structural  conclusions 
follovs  i/omf  only  if  the  conformational  assignments  for  both  the 
tert-buiyl  and  ethyl  substituents  are  correct  These  conclusions 
are  further  supported  by  our  MOMM  calculations  which  predict 
the  planar  conformation  to  be  the  minimum  energy  conformation 
of  the  tert-buiyl  group  in  3d  and  40.  Given  that  both  the  cal¬ 
culations  and  the  experimental  values  are  in  agreement  as  to  the 
number  and  position  of  potential  minima  on  those  two  surfaces, 
we  conclude  that  these  determinations  are  valid 

According  to  the  above  results.  1 -tert-butsl-t-meihslbenzene 
1421  should  exhibit  a  TOFMS  containing  iwo  origins,  corre¬ 
sponding  10  conformations  43  and  44  The  TOFMS  for  the  0® 
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region  of  the  Si  Sq  iransiiion  for  42  uiing  140  psig  of  helium 
iS  presenied  in  Figure  15a.  The  most  miensc  feature  of  the 
spectrum  occurs  as  a  barely  resolved  doubici  iduc  to  the  methyl 
rotor  transitions*"*)  centered  at  3*'  1 cm  Figure  1 5a  also 
displays  two  other  iniense  features  at  )"  165  0  and  3“  169.8  cm 
Some  of  the  i*eaker  features  that  appear  m  tnc  TOFMS  of  42 
correspond  to  additional  internal  rotational  transitions  of  the  ring 
methsl  rotor.  The  spectrum  presented  m  Figure  l5a  is  more 
complicated  than  anticipated  because  there  are  three  relatively 
intense  peaks. 

Because  the  three  mam  features  m  the  TOFMS  of  42  are  qutte 
intense,  the  exact  assignment  of  origins  and  thus  the  number  of 
conformations  for  this  molecule  is  not  readilv  apparent.  In  order 
to  resolve  this  conformational  analysis  question,  three  additional 
approaches  ^ere  pursued:  iemperaiure*dependent  spectra,  to 
investigate  the  possibility  of  hot  bands  i  Figure  15).  dispersed 
emission  studies  i Figure  16);  and  methyl  rotor  calculations.  The 
latter  demonstrate  that  the  three  feaiures  cannot  be  assigned  to 
a  single  conformation  with  (even  intense  i  methyl  rotor  transitions. 
On  a  first  level  of  interpretation.  Figures  15  and  16  suggest 
somewhat  contradictory  conclusions  about  these  data  The  peak 
at  3"  i69.S  cm"  in  Figure  to  oe  a  hot  its 

intensity  decreases  with  high-pressure  argon  expansion.  Con¬ 
clusively.  the  OE  spectrum  associated  with  the  37  169  g-cm  ' 
feature,  a  ponion  of  which  is  depicted  m  Figure  16.  indicates  that 
this  feature  is  not  a  hot  band  because  there  are  no  transitions  to 
higher  energy  of  the  excitation  energy 

These  three  results  (TOFMS.  DE.  ana  rigid  rotor  calculations) 
can  be  rationalized  by  assigning  the  'eaiure  in  question  as  due 
(o  3  second  conformation  of  42  ^hich  can  be  depopulated  in  the 
argon  expansion.  The  conformational  energy  balance  iweil  depth, 
barrier  heights,  and  surface  shape i  m  this  instance  must  be  such 
that  the  more  energetic  collisions  with  argon  rather  than  wuh 
helium  emphasize  ihe  ‘kinetic  effect”  described  below  MOMM 
calculations  predia  that  43  and  44  do  indeed  correspond  to  energy 
minima,  being  nearly  identical  m  terms  of  stcric  energy.  The 
barrier  between  the  two  minima  icalcuiated  to  be  0  5  kcal  mol"') 
should  be  of  low  enough  energy  that  argon  collisions  can  convert 
all  of  the  molecules  to  a  single  conformation  As  shown  in  Table 
IV.  (he  planar  conformation  37  of  the  /er;-buivi  subsiiiuent  is 
further  confirmed. 

1 .3-D)-/er/-butvlben2ene  i45>  represents  the  most  highly  sub¬ 
stituted  and  largest  molecule  in  terms  of  molecular  weight  ex¬ 
amined  in  these  studies.  The  TOFMS  for  the  Oo  region  of  the 
St  transition  for  45  using  )40  psig  of  helium  is  presented 
in  Figure  P  We  attnbute  the  three  features  at  3"  335  6.  37  388.1 . 
and  3*410.2  cm  '  to  conformations  4^-4R.  although  at  this  stage 

AGIO  Ja:B16p  1009.15-16) 

we  cannot  assign  conformations  to  particular  transitions.  MOMM 
calculations  indicate  that  46-4S  are  of  nearly  equal  stability,  and 
hence  the  unequal  intensity  of  the  three  transitions  may  again  be 
due  to  some  kinetic  phenomena  during  the  expansion  process 
Chart  IV  >ummanzes  the  results  ootained  for  /^rt-butyi  aromatics 
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E.  Kinetic  Factors  in  the  EAptnsivA  Process.  F'cmou-v  napcrs 
from  our  laboraior'  addrcsi^ca  ihc  rv^MOiiiu  inat  locailv 
oui  noi  globally  liable  moiecuur  ,^ln(ofmJuon^  in  nonngid 
molecules  or  in  van  der  NVaais  clusters  can  oe  aeoopuiated  through 
collisions  in  the  mi^ecular  jet  expansion  '  ^  in  moiecuies  or  dusters 
for  which  shallow  wells  and  small  burners  to  conformational 
changes  exist,  energetic  collisions  mas.  n  nnncipie.  depopulate 
local  minima  in  the  potential  surface  m  lavor  ot  the  aceper  giooal 
ones  The  mtcnsiis  ratios  for  the  Oo  transitions  oi  the  various 
con’brmers  reflect  the  populations  oi  these  coniormers  wnich  exist 
at  the  terminal  beam  temperature  i  T  <  i  K.  -=  2-5  K. 
and  r„6  10-20  Kl  These  populations  arc  not  equilibrium 

populations  representativeof  any  pamcuur  'cmperature.  nowever. 
as  they  arc  also  affected  bv  the  poieniMi  -.urtacc  shape  ana  tne 
Kinetic  paihwayisi  to  this  terminal  icmocraiurc 

Relative  intensities  of  origins  arc  tnu'  :.;tncr  unr'rcoictaoic  oa>cd 
on  structural  expectations  or  incorc’i,.j;  -vi  .mjics  'Numerous 
s-jscs  exist  lor  which  the  intensities  .mrsca'  :‘^>iow  intuition  or 
'.hcors  ica.  1.3-  and  1 .4-dieih'.lbcn/cnc  *  mctr.si- ^  propsl* 
benzene.' '  !'mcthoxv-3-mcthvjbcn/cnc  '  >  m  :hc  other  hand, 

'or  i.3-dMerf-but\lbenicnc  rcporico ''crem  •  I  Bufc  expec¬ 
tations  ot  three  nearly  equally  intense  transitions  arc  not  met 
For  cases  oi  “sterically  hindered’  ^ornpounQs,  c  a  .  .  mcinvIO* 
h-oov  I  benzene  ana  i  .2-dicihMbcn;cni;  '  .-guai  poouijiions  of  the 
•  jrious  possible  conformations  arc  not  cxncciec  ana  the  0^ 
transition  intensities  are  very  different  f  ncuuai  distribution  of 
»onformcrs  in  the  final  expansion  cuuinbrium  results  m  unequal 
'pectroscopic  intensities  for  the  Ciffcreni  conformations 

To  some  extent,  the  cxpeciation  or  prediction  of  a  kinetic  effect 
s  based  on  ground-sute  equilibrium  distributions  calculated  from 
calculated  stenc  energies  or  heats  oi  formation  rather  than  from 
any  independent  experimental  data  MOM  M  calculations  allow 
us  to  determine  the  relative  populations  oi  the  various  confor¬ 
mations  of  a  system  If  the  coniormaiionN  have  free  energies  within 
ca  I  kcal  mol"  they  should  be  poruiateo  at  room  icmoeraiure. 
however,  if  the  free  energs  d>rfcfence  i'  muen  larger  than  this, 
the  higher  energy  forms  should  be  cttccu'civ  absent  from  the 
populated  conformations  Thus  the  calculated  energy  predictions 
play  a  role  in  the  number  of  coniormation>  exrvrred  to  be  observed 
m  our  experiments.  Hence  the  identification  ot  a  kinetic  effect 
IS  somewhat  tied  to  calculations  of  coniormanonal  free  energies/ 
Experimental  evidence  for  a  kinetic  cifect  can  sometimes  be  ob¬ 
tained.  !or  example,  by  performing  TOFMS  experiments  using 
different  expansion  gases 

CocnRamofi  ot  Covtormatioml  Analvsis  C  apabiUctes  by  Jet  and 
Oflier  Specfrofcopk  TocbiiMitfts.  e  cmpha-ii/c  that  one  of  the 
most  fundamental  consequences  oi  this  worx  me  spectroscopic 
observation  of  specific  conformation?,  ot  simple  alkvibcnzcnes 
Because  of  ihc  low  barriers  to  internal  rounon  ol  the  subsiiiuents 
I"  these  molecules,  previous  expenmcnui  -.tudics  have,  wuh  few 
exceptions,  observed  only  averaged  spcc;r*)>copic  properties  for 
the  individual  conformations  present 

For  example,  the  barrier  to  rounon  about  j  nonhmdcred 
aromatic  rerr-buiyl  group  is  quite  low  ca  5  kcai  mol*'  ’  NMR 
IS  not  presently  capable  of  observing  the  individual  conformations 
of  such  asymmetncally  substituted  rerr-puivi  systems  as  reported 
above  Yamamoto  and  Oki'^  reponed  the  first  ‘unambiguous’” 
observation  of  restricted  rotation  for  an  aromatic  /rrr-buiyl-C 
2  group  in  1986  for  the  specially  designed,  highly  hindered 
molecule  4^  An  energy  barrier  of  9  2  kcal  mof'  for  rotation 

/ 
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about  the  C  werr-buiyl  group  was  found  * 

The  most  obvious  difference  between  me  >  amamoto  and  Oki 
resulii”*  and  those  reported  herein  is  that  laser  jet  spectroscopv 
IS  able  to  observe  specific  conformations  of  unhindtred  aromatic 
substituted  ferr-butyl  groups.  A  more  subtle  distinction  is  that 
the  NMR  study  observed  individual  spectroscopic  signals  for  the 
meiiyl  groups  of  a  molecule  whirh  has  only  a  iing/e  rerr-butvl 
conformation.”  On  the  other  hand,  we  have  observed  two  or  more 
stable  conformations  of  a  specific  compound  wmeh  differ  from 
each  other  by  the  arrangement  m  space  of  the  rerr-buiyl  group 
itself  Thus,  we  are  able  to  observe  spectroscopic  properties  from 
the  two  stable  conformations  of  l  ferf-buiviO-methylbenzene  and 
from  the  three  stable  conformations  i  .^-di-terr-butylbenzene 
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The  •T.ouon  01  me  isopfop>i  group  anc  rciaicu  sccoridaf^  ain.’'.! 
subsaiucnis  tc  g  .  cNclopropsi.  c\cioncx\i  caroomemoxv.  etc  » 
'.as  been  sulficieniix  sloped  dov^n  ana  dctccicu  ov  \MR  spec- 
troscopx.  Out  oni>  in  svstems  (or  whicn  :a.o  aaiaceni  bulks  groups 
Significanits  mcrea&e  the  bamer  10  roiauon  '  A  loMkr-resoiuiion 
microwave  studs  of  meia*substituted  isopropsibenzenes  has  re¬ 
sulted  in  the  oOservation  of  ivso  spectroscuptcails  distinguishable 
band  series,  one  each  for  the  two  minimum  energs  conforma¬ 
tions  ••  On  vhc  other  hand,  we  have  observed  the  stable  con¬ 
formations  of  the  simple  secondars  aiksi-^uostiiuted  aromatics. 
.  •meihy)'3'isopropylbenzene  1  two  contormaiionsv  and  l-ethyl- 
3 -isopropyl benzene  iiwo  conformations!  Again  note  the  stencallv 
unhindered  environment  of  these  vubstuuents 

As  found  for  :he  /^r/-buivl.  isopropsi.  jnd  analogous  substit¬ 
uents.  compounds  containing  arsi  ' pnmars  aikvi  groups 
■  ArCH-Ri  have  vers  low  barriers  :o  s,oniormational  irtercon- 
•  ersion  unless  found  in  sicncalls  encumoerco  cr^sironmcnts 
nave  presiousis  reported  the  obscrsa'.ion  iw^o  contormations 
■or  both  i.3-  and  1 .4-dieihylbcnzcnc  nhe  unu  and  ssn  contor- 
Tijtionsi.’  props  (benzene  (anti  and  itjuw^c  C'  ntormationsi  • 
and  •methsj-3-propylbcnzcne  'one  jni.  jna  gaucnc  con- 
lormaiionsi  Low-re$oluiion  microwase  studies  were  performed 
?\  True  ct  a.  *•  on  several  ethvibcnzencs  pui  couid  oniv  have 
'bsen-ed  a  single  ground-state  energs  minimum,  ncnce.  tnc  crucial 
cxocnment  01  siudving  molecules  vsnicn  pus-vcsa  two  or  more  stable 
conformations  was  not  reported  Four  origin  transitions  are  ob- 
-.ersed  for  1 -cihvl-a-propylbenzcnc,  due  to  the  svn  and  anti  con- 
'ormations  1  relative  to  the  perpenoicuiar  emsi  substituent  1  of  both 
me  anti  and  gauche  conformations  01  me  propyi  suostituent  Sc-A 
and  ta-Pb 


Rccentls  Sandstrom  and  co-womcfs  reported  one  ol  the  vers 
•ew  studies  on  ssstems  Ar-CH;R  lor  wnich  R  is  a  oulky  aikvi 
group  nr  these  cases.  R  •  'sopropsi  and  (er/-butsi.  leading  to 
>oouis,  and  neopentsl  substituents!  '*  L  sing  dynamic  N MR. 
mes  were  aoie  to  oosen-e  me  ssn  ana  ann  contormations  ( 50  and 
51  respectiveis  1  of  the  .'-alkst-  ''-isoouisirhodanines « R-  *  methyl 
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ana  pnenyl  1  T nis  is  equisaleni  to  oOscrsing  me  conformations 
iPoui  r.  (cf  52»  In  these  cases,  nowever.  tnev  did  not  observe 
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signals  for  the  roiationai  conformations  about  the  second  torsion. 
'2.  e  g  ,  52  In  the  current  studs  ’.\*o  conformations  arc  noted 
•or  both  t -isobutsl-C-mcthsIben/cnc  'Mb  and  Bci  and  l-iso- 
Dutyi-3'methvjbenzene  (M  and  (k<  The  moividual  conformations 
depicted  bs  8  represent  lorsionai  !>omcrism  atwui  •;  Hence,  the 
laser  jet  spectroscopy  method  can  oo%er\e  coniormationai  isomers 
about  both  r  and  r. 

Summary  and  Coaclittioas 

This  studs  demonstrates  the  use  01  -•upersonic  molecular  let 
laser  spectroscopy  to  establish  the  existence  of  various  stable 
coniorrruiions  of  the  following  tspes  oi  aiksl-substituted  aromatic 
compounds  those  containing  arst  to  pnmars  aikvi  bonds  (ethyl, 
propyl,  isobuiyi.  ncopentyl).  arsi  to  secondars  alkyl  bonds  tiso 
propyl.  sec-butyU.  and  aryl  to  tertiars  aiksi  bonds  t/e^r-butyl) 
Attention  is  focused  upon  two  conformational  parameters  the 
position  of  C,  and  C,  of  ArC^-Cj-C.-R  1 R  *  H  or  alkyl)  mo¬ 
lecular  types.  I  e .  r,  and  m  Figure  1 

NAe  have  demonstrated  the  capabilits  o(  laser  let  spectroscopy 
by  investigating  substrates  in  wmeh  onis  small  structural  features 
distinguish  one  conformational  energy  minimum  from  another 
The  observation  of  two  or  more  OX  '.ransitions  indicates  the  ca¬ 
pability  of  these  high-resolution  techniques  to  observe  two  (and 
presumably  morei  conformations  having  nearly  identical  free 
energy  The  most  demanding  choice,  from  a  structural  point  of 
view,  would  be  compounds  possessing  two  or  more  distant  and 
nomnteraciing  substituents  Numerous  substrates  meeting  this 
criterion  have  been  examined 

The  ground-state  conformational  energy  minima  of  various 
asymmetrically  subsmuied  dialkylbenzenes  are  cxperimeniallv 
established  by  matching  the  number  of  observed  0^  origin  tran¬ 
sitions  to  the  various  "gcomeincar  possibilities  Thus,  the 
ArCHj-C  bond  of  aromatic  to  primary  aikvi  substituents,  e  g  . 
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c:hvibcnzcnc  r  j;n  Figure  i  i  la  cxrDcnoicutu:  to  •ne  c?unc  or  the 
jromaiic  ring,  and  ihc  C-H  bond  in  jr\i  to  '.econaarv  atkvi  bonds 
c  g  .  in  laooropMbcnzcnc I  is  m  me  '';ane  ji  me  jromauc  ring 
SimiiariN,  jci  speciroscopv  has  csraoi.”ine(j  ;nji  one  o)  ihe  mcinvJ 
groups  in  rerr-buiylbcnrcnc  lan  cxampie  or  an  arM  to  ternary  alkyl 
bond  containing  substrate)  is  in  the  plane  or  the  aromatic  ring 

The  second  torsion  or*  the  aromatic  aik\i  aide  chain  icf  Figure 
;  1  la  also  established  for  a  number  or  compounds,  including 
props Ibcnzenes  and  butvlbenzcncs  In  these  caaes.  tu-o  ground- 
state  minima  are  ooserved  t'or  each  vomoound  t  nfortunaicry, 
miormaiion  regarding  the  third  torsion  •  t  C  is  not 

.ibiamed  m  the  only  comoound  oosNesMna  a  C..  namcis.  buiyl- 
ocnzenc  The  structural  vanabilits  at  L.  mas  oc  too  rar  removed 
Tom  the  aromatic  chromophorc  in  ine  moiecuie  to  allow  structural 
diacrimmaiion.  even  Dy  these  sensip'-e  meinoos 

Ts-.j  xfcnri,  srrongis  suDOorts  our  pres  o^i^  v  mciuMona  that  ici 
^r«Clroscops  u  an  excellent  lecnniMuc  •r>c  ooservauon  anc 
ucnur'ication  or  conrormaiions  oi  moiecuica  ^nich  in- 

ereonvert  \*ith  serv  low  energs  penmcniaJ  ob- 

'ersaiions  arc  complemented  bs  'fon n-moiccuiar 

rnccnamcs  t  MOMM)  calculations  v^nicn  estimate  me  stabilities 
i:  sanous  coniormations  ci  these  m^ic-w  es 

txperimeflui  Section 

Ty*  i;me-or-night  mass  spectromeier  *.i\  oc^vnoec  eiscssnere  * 
TOFVtS  expenmeni  used  a  R  M  J.  'Oan  ry.>ea  ^atve  Botn  heiium 
-nc  iraon  Nkere  used  as  earner  gates  ec  :or  eacn  e»ocriment 

\  TOFN1S  experiments  stere  penof^eo  ji  room  ^cmpcraiufe.  and 
nvoised  one-coior  iwo-pnoton  photoionuaiion 

Disoersed  emission  iDE»  expenmenu  -‘cre  carr-ea  oui  ir  a  fluores* 
.'cnce  excitation  chamber  desenbed  previoutis  ’  ''  4  opucs  '*ere  used  to 
-ouecr  and  focus  tne  emission  onio  me  s*ji>  o'  an  '  li  '051  CCA 
McPlierson  ,  -m  scanning  monocnromaior  ssun  a  dispersion  oi  '  *8  A 
mm  m  iftifd  order  of  a  1200  groove  mm  .  ciated  grating  Experuion 

me  gas  mio  the  cnamoer  **a>  jcn  eseo  »)i*  j  Quanta  Rjv  PSV-2 
puised  vaive  smn  a  500*«m  pmnoie  located  -  .m  from  the  laser  beam 
barnpie.  •  ere  piaced  m  the  head  oi  me  wise  and  heated  lo  b5-"0 
Id  acmeve  a  greater  concentration  m  me  'ei  Henum  at  *0  psi  <*as  used 
IS  me  carrier  gas  except  as  otherwise  nsueo  The  aiksibenzencs  ^  12 
13.  15.  lb.  20.  21.  24.  3b.  40.  42.  and  45  «ere  purchased  from  eitner 
Aldrich  Chemical  Co  or  WjJey  Organics  The  purjis  or  these  materials 
*as  determined  by  OC  and  NMR  spcciroscoo'-  cr'or  to  their  use  Ex¬ 
perimental  details  for  the  preparation  oi  4  lu  11  15  25  2b. and  30  are 
given  m  the  Supplementary  Material 

Empirical  force  Held  calculations  are  pertormed  using  the  molecular 
.)rbiia)-moiecutar  mechanics  (  MOM  M  I  jiaofiinm  OI  kao  **'  This 
■orce  '"letd  has  been  specificallv  parametr  reo  •o'  jf^omatic  ring  svstems 
und  IS  known  to  reproduce  eioenmenu<  geomeines  and  energies 
MOMM  has  also  been  used  to  correuie  ster^u  snergics  with  the  rates  of 
vcriain  aromatic  ring  additions*'  iio  rsroisMs  ^ejctions  •’  The 
ground-state  calculations  are  penormec  u'ina  Cv)mriete  geometrs  opii- 
mizaiion  to  determine  me  ground-suie  c*^ergv  minmum  nnc  siabie 
-oniormauon  i  and  to  estimate  me  rvcn-.ij;  energs  oifriers  to  rotation 
joout  the  <~ij[m<iic~^-  4nd  C,-C',  >jnos  ..  jooui  me  torsions  r  - 
^  and  r,(C.»o-C,A.,  -cspecuveiv 
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SupRkfncntary  Material  Available:  Experimental  details  for 
!he  preparation  of  4.  10.  11.  15.  25.  26  and  30  including  spec¬ 
troscopic  data  and  elemental  anaivses  for  these  compounds  i5 
pages)  Ordering  information  is  given  on  anv  current  masthead 
page 
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SEkO.t  '  lO)  ID  The  narrte  “one-  land  i  cotor  (imcijt-nigfti  nuu  spearoeeopy* 

SEsOfc  :  >  generally  employen  to  describe  me  unio^mi  espenment  k.  sampte  is 

rradiated  with  a  laser  of  energy  *  rouiung  in  the  generation  of  the  Hrsi 
SEso«  excited  Singlet  state  iSq -*  S  I  f  second  pnoion subsequently  loniees  those 
sen  :  ■«  'noiecuies  tn  S.  1$.  “•  1*1  The  ions  arc  detected  m  given  mass  cftannels  bv 

'  me*oi'ni|ht  mass  spectroscopy,  lucn  mat  omv  ton  current  representing  a 
SEN  •  .losen  m  .•  .i  recorPtd  The  eneri>  ot  me  /•  ij,er  n  cnengec.  and  an 

sEN  .s  josorption  spectrum  of  a  mass'seiected 'oesiev  I' ootameo  «b>  In  pioneering 

•  ore,  Smaliev  and  co^-noraers  ha*e  'eoiried  **  me  Ouorescence  eacitanon 
J  FEi  spectra  and  dispersed  Huorescenve  'Oeytra  oi  a  vet  ot  aikvibeneenes 
sen:  These  studies  did  not  examine  m  deta’i  tne  vomormationai  anaivsis  of  the 

SEn:4  V  compounds  In  addition,  because  me  FF  revuits  are  not  mass  selected,  there 

sen:'  I  could  be  some  ambi|uiiy  regarding  me -xiurce  III  vime OI  me  transitions  Ito 

et  ai  have  eiamiMd  intramolecular  electronic  energy  iransier  OI  btchro- 
:  .'Tiopnofic  mofccuJc*  j<.|.  J-iO'ioiyn-.'  'r-'^iyupropanej  using  these  tech- 

SEN30  X  niducs  lio's  Tohoku  Lnivenits  croup  nav  jivo  vtudied  conformanonai 

SEN)]  0  prooiems  m  phenofs  and  napnthois '*  arid  jniMjiey  '  Oneoi  us  tE  R  B  t  has 

previously  etannned  the  TOFMS  o'  propyioen^ene  Clusters  <*uh  methane, 
c  ethane,  and  propane  * 
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SENO]  '  '  *)  The  rotational  barrier  about  me  l  L  ’  vf  'sopropyibenccne  hat 

been  reported  to  be  0  25  kcai  mot  ov  reso'  -in  micro*a«e  mvcsiiga' 
SENOa  :  ons  “and  2  0  keal  moi-  by  NVR  studies  '*  Recem  vsuVfVf  calcvtattons 

have  estimated  a  barrier  of  2  3  kca  I  moi  * 
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meinyi  groups  oi  some  LS-di-rerf-ouislnapfiinaienes  ai  :o*  <  <•  un  *c»  lem* 
peraturc  In  these  cases,  substantial  deviation  ir  normal  sp'-nsortOization 
ooiams  *•*  >ci  Anderson.  J  E.  Franca.  R  A  Mandella.  ^  L  y  .4m 
C'Aem  Soc  1972.  94,  4608  idl  Handei.  J .  'A  ^ne  J  G  Franca.  R  VA  Yuh. 
'j  H  .  Allinger.  Sty  .4m  Chem  Soc  |97'  ou  >545 


'  20)  See  also  Nilsson.  1  .  Bcri.  L  .  Sanosirom  J  4^(0  c'hfm  Stand 
19S4  SJ9.  491 

'21]  Kao.  J  .  Leister.  D  .  Siio.  M  Teirantdron  Ltti  1985.  240) 

i22lSeeman.  J  I  Pure  AppI  Chem  19*7  in^j 

'  23 1  Hoummer.  V  Kao.  J .  Seeman.  J  I  y  C  >iem  C  hem  Commun 
1984  1608 
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FisMrf  1.  Definiiion  of  loriionai  anaic"  v  inormationai 

aeometnes  of  ihe  molecules  examined  in  •..-.  n  >;jdv 


TOFMS  Of  i-«tnyi-4-pfooy‘OenMne 
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Fciurt  2.  TOFStS  ot  ihe  OS  r«sion  oi  .  cir»'  ->-(''.ipMocn/ene  i4i  The 
^oecifum  cQns\s;i  oV  '.'out  on^tns  ji  t'  triu  i  '•*  t*;  *  mo  i-oOh  " 
?“  4^*  3  cm'  correspofidjng  lO  tour  'UOie  vomormaiions  lof  this  moi* 
ewuie  'see  (esd 


rOFMS  of  ■•ooutylbonaone 


- 1  ~F  '  ' 

37600  37700 

energy  (cm") 

FHpifP  3.  TOFMS  of  me  0^  region  ot  nc  s  •  >-  -.rjnsmon  of  iso- 
4  outMbcmene  The  ipe«rurn  dtsouh^  j  y-npc  ongm  jc  f”  8  cm 
:  The  »eaii  features  at  3’ 1  4  and  )' * '‘J  rs  vm  jre  attributed  to  tor¬ 

sional  motion  of  the  isobutvi  group 
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TOFMS  of  MtoburyJ-3-moinyJb«njono 
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CaPOO  Fifyrc  4.  TOFMS  of  the  Og  region  oi  tne  b  ifansiiion  oi  i-iso* 

C  VP06  4  sui>l-3'me(hylbenzene  <101  The  spectrum  contains  iwo  origins  at 

CAP04  '  ■'f' 965  I  and  37  023  0  cm"’  The  peaks  occurring  3  cm  io%»>er  in  energy 

0  than  these  origins  are  due  to  ring  metnvi  tors<uns 


rOFMS  of  MiOOuryNS-moinylOonzono 
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CaPOO  FigorfS.  TOFMS  of  the  Og  region  of  i  •i^obuist- 2-meihvlbenzene  ( II) 

Capoo  Two  origins  are  observed  ifl  the  jpecirum  ji  3*  036  0  and  37  pi  8  cm‘‘ 


37500  37600  37700 

ENERGY  (cm  ') 

CAPOO  ngur*  b.  TOFMS  of  the  Og  region  oi  neopenivibenzene  ill)  The 

CAP04  )  spectrum  shows  only  one  origin  at  }"  '33  6  cm  '  V^eaker  features. 
4  higher  in  energy  to  the  origin,  are  attributed  to  >ow*frequency  torsional 
<  motions  of  the  neopentyl  group 
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TOFMS  Of  butylMnatn* 
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CAPOO  Fifur*  7.  TOFMS  of  the  0^  region  oi  the  b  •  ^  ;fans»tion  oi  but%t- 

CAP06  4  oenaeneilJi  The  intense  feature  ai  ' .m  >%  jssigneo  to  the 

CAP09  ::  staggered,  all-anti  conformation  of  the  OutM  erouo  I  I4ui  The  ^eatcer 
4  feature  at  3*^  0  cm'*  is  also  assignee  4>  a  separate  origin,  corresfh 

‘  oinding  to  I4ag 


TOFMS  Of  iftopropytboniene 


EfCRGY  (cm-'l 

CAPOO  Figvrt  i.  TOFMS  of  the  0?  region  for  the  S  —  So  transition  of  iso* 

CAPoe  .4  propylbenrene  ( !♦)  The  sole  origin  occurs  at  3"  Aoh  5  cm  ‘  The  weaker 
CAP09  4  feature  at  3*7  710  0  cm*' IS  attributed  to  torsional  motion  of  the  isopropvl 
«  group 


TOFMS  of  i*ifopropY>*3*matnvibaniena 
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CAPOO  Figwe  9.  TOFMS  of  the  0?  region  oi  the  S  •“  iransiiton  of  I'lio* 
CAPO*  14  propyl*}*mcthyibenzcne  (20)  The  pcaa  at  }'  165  9  cm  ’  is  an  origin 

CAPoe  10  which  forms  a  doublet  with  the  peak  at  3*  164  o  cm  This  latfer  peak 

5  IS  attributed  to  the  le  —  le  internal  rotational  transition  cf  the  ring 

CApi:  II  methyl  rotor  The  weaker  peek  at  3"  1 5n  0  cm  is  also  assigned  as  an 

CApt5  •)  origin  The  presence  of  two  origins  eliminates  18  as  a  possible  stable 

; )  conformation 
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rOFMS  of  f*«tftyf‘3*i«oprapy(MnMn« 
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Ftcvre  10.  TOFMS  of  the  0“  region  'i'  'nc  M  *  "n-  trjn^Uion  of  I- 
ctn’.i-3*(sooropylbenzene  (2ll  The  i'*"  oniiins  o'  tne  Yoectrum.  at 
226  6  and  j**  264  8  cm"',  help  idenniv  inc  -.ijoie  t.ontofmaiion  ol'  the 
•soprooNi  group  as  17.  as  outlined  m  •.ne  ttw 


TOFMS  ot  >PC‘Ootvippna#n» 
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Capoo  Fifurt  11.  TOFMS  of  the  Oq  region  ot  (he  b  iransitton  of  stC‘ 
Capo*  *  butylbenzene  (24)  The  spectrum  dtspiavs  a  single  origin  at  3^627  | 
CAP09  0  cm*'  The  weak  feature  at  37  661  3  cm  jitnouted  to  toniorui  motion 
1  of  the  /ec'Putyi  group 


TOFMS  Of  «fS'DutvU2-methylbenx«ne 
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- - - -  - - - f-  ' 

37200  37300  37400 

ENERGY  (cm-') 

Capoo  ngwell.  TOFMS  of  the  Oo  region  oi  i  fec'Putvi-Z-methvIbenzertetM) 
Capo*  The  spectrum  contains  only  a  single  origin  This  is  consistent  with 
CaP09  »  MOMM  calculation  which  predicts  onis  one  Staple  conformation  for  this 
*  molecule  isee  texti 
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TOFMS  Of  ttfl’Outylbonxon* 
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Figuf*  13.  The  one-coior  TOFMS  ot  '"ic  'csnor.  ,<i  ihe  S  *“  Sn 
'ransiiion  of  ff^r-ouivibenzene  t36i  '  niiic  or<din  in  me  >oectru(n 
occurs  at  3"o9t)  2  cm  and  is  mdicaii'c  ot  a  Mfiaie  suoie  motecuiar 
coniofmauon 


TOFMS  Of  1*  ltf1»Ou(v>-4-othy>bonyna 
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) 


37200  37300 

E^CRGY(cm"l 

Fifir«  14.  TOFMS  of  the  02  region  oi  the  b  *-  Sa  transiMon  of  I- 
//r'NOmyi-A^thvIbenzene  i40)  The  fact  that  this  spectrum  contaifuonlv 
one  origin  at  3'  142  cm’’  identifies  me  siaole  motecuiar  conformtiion 
of  the  rerf'butyl  group  as  31 


‘  TOFMS  Of  1  ttd-Culyl-S  rntthyttMrmno 


37200  ^  37300 

ENERGY  (cm-) 


Flfwt  IS.  TOFMS  of  the  region  of  the  S,  •-  transition  of  I- 
re«-bu!yi-3.methylbenaene  i42).  using  lai  140  psig  of  helium;  <b)  IT 
CF,  in  lOO  psig  of  helium,  and  lo  20  psig  of  argon  as  the  carrier  #as 
The  peaks  indicated  by  the  •  and  :  are  due  to  argon  and  CF.  dialers. 

decomposing  into  the  i  •ferf.butsi-)*methvlbenzene  mats 
channel  The  intense  peeks  at  3“?  1 3*  0  and  3’  169  8  cm  '  are  origins  for 
i»o  different  molecular  conformations  The  3*  169  g-em'  peak  diup- 
peers  in  ici  because  of  a  kinetic  effect  discussed  m  the  leti 
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CAPOO  Figure  16.  DE  spectrum  for  i -ferf-bui''  '  mcin\ lOcn/cne  1 42»  obiaincd 

CAP06  '•  b>  pumping  the  V  169  8-cm‘‘  feature  m  I-  wurc  ;  'j  Resolution  is  **  6 

CAP09  '  cfT."'  The  absence  Of  a  feature  to  higher  cnerB'i  n  ine  c>ea»  at  3"*  169  8 

‘  .;m'  helps  to  preclude  the  assignment  u  :nc  •'  '-vm  leaiure  in 

Figure  1 5.  a  and  b.  as  a  hot  band 


TOFMS  Of  l.3-<Si-  ten-Outvibenaene 
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Capoo  Ftfor*  17.  TOFMS  of  i.3*di*/frf-but'ibeniene  (451  The  three  most 
CAPOe  ‘  intense  peaks  in  (he  spectrum  at  3“*  335  ft  3'’ }««  j  and  37410  2  cm" 
5  are  assigned  to  three  different  spectroscoov  ongin>  corresponding  to  three 
It  stable  conformations  for  this  moiecuie 
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Tibk  I.  Substituent  Pettems  for  Substrttes  Examined  m  This  Work 
aryl'to*alkyl  bond  t%pe 


no.  of  atoms  primary  secondary  leruarv 

m  subsniuenis  Ar-CHjR  Ar-CHR'R*  ^f-CR‘R^R* 


Tibk  II.  MOMM-85  Calculated  Steric  Energies  for  Minimum  Energy  Conformations  of  Buiylbenzene 
conformation  SE  (kcal/moll  (red  _ 


Table  111.  Number  of  Conformations  of  Various  Isopropylbenzenes  Based  on  Expenment  and  Conformational  Analysis  Predictions 


no.  of  conformations 

predicted' 

CH, 

CH  . 

•  < — . 

CH  ^  CH, 

CH  . 

compd 

17 

planar' 

u 

perpendicular' 

19 

gauche* 

obsd'^ 

isopropylbenzene  (lb) 

1 -isopropyl-3-mcthyibenzene  i20) 
l-eihvi-i-isopropylbenzene  (21) 

- 

1 

1 

1 

1 

'Based  on  counting  ail  possible  molecular  coniormaiion^  njving  me  specihc  substituent  conformation  depicted,  but  counting  degenerate  confor¬ 
mations  onlN  once  'This  term  refers  to  the  reiaiuc  rxi'ition  oi  the  »-H  and  the  plane  of  the  aromatic  ring.  Number  of  origin  transitions  obaerved 
b>  TOFMS  See  text  for  additional  discussion 


TaMe  1^.  Numoer  ot  Conformations  of  'various  tf^t-Huivipenzenes  Based  on  Expenment  and  Conformational  Analysis  Predictions 


no  of  conformations 

compd 

37 

Planar 

predicted* 

CM, 

3« 

perpendteuiar 

CH, 

CH 

39 

gauche 

obsd' 

mi’t-butvlbenzene  (36) 

1 

1 

•mri-bu(vl*4.ethvlbenzene  (40) 

1 

2 

2 

l-refr-eutyi«}*methyibenzene  i42) 

2 

1 

2 

2 

;  .3-di-tert-butylbcnzene  (43) 

3 

6 

'  Based  on  counting  ail  poaitble  molecular  coniormaiions  navmg  me  specific  subsmuem  conformation  depicted,  but  counting  degenerate  confor¬ 
mations  only  once.  'Number  of  origin  transitions  ooserved  by  TOFMS  See  teat  for  additional  discussion 
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